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Abstract

Primary cilia are immotile appendages that have evolved to receive and interpret a variety of 

different extracellular cues. Cilia play crucial roles in intercellular communication during 

development and defects in cilia affect multiple tissues accounting for a heterogeneous group of 

human diseases called ciliopathies. The Hedgehog (Hh) signaling pathway is one of these cues and 

displays a unique and symbiotic relationship with cilia. Not only does Hh signaling require cilia 

for its function but the majority of the Hh signaling machinery is physically located within the 

cilium-centrosome complex. More specifically, cilia are required for both repressing and activating 

Hh signaling by modifying bifunctional Gli transcription factors into repressors or activators. 

Defects in balancing, interpreting or establishing these repressor/activator gradients in Hh 

signaling either require cilia or phenocopy disruption of cilia. Here, we will summarize the current 

knowledge on how spatiotemporal control of the molecular machinery of the cilium allows for a 

tight control of basal repression and activation states of the Hh pathway. We will then discuss 

several paradigms on how cilia influence Hh pathway activity in tissue morphogenesis during 

development. Last, we will touch on how cilia and Hh signaling are being reactivated and 

repurposed during adult tissue regeneration. More specifically, we will focus on mesenchymal 

stem cells within the connective tissue and discuss the similarities and differences of how cilia and 

ciliary Hh signaling control the formation of fibrotic scar and adipose tissue during fatty fibrosis of 

several tissues.
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1. Introduction.

The primary cilium is a microtubule-based dynamic cellular appendage that extends from 

the mother centriole of the centrosome [1]. Primary cilia function as sensory organelles and 

are the prototype for compartmentalized subcellular signaling. Signaling mediated by cilia is 

an ancient phenomenon; for example, interactions between agglutinins on plus and minus 
gamete flagella during fertilization in the green algae Chlamydomonas stimulate a signaling 

pathway leading to cell-cell fusion [2]. This review focuses on hedgehog (Hh) signaling, the 

main pathway transduced by vertebrate cilia [3]. Other signaling pathways affected by cilia 

have been recently reviewed elsewhere [4].

Hh signaling regulates cell fate and proliferation in multiple developmental and regeneration 

paradigms. Ciliary defects, which account for a heterogeneous group of human diseases 

known as “ciliopathies”, present with a wide variety of clinical manifestations such as neural 

tube defects, brain malformations, polydactyly and bone deformities [5]. Many of these 

defects are due to disrupted Hh signaling, emphasizing the strict co-dependence of Hh 

signaling and cilia.

Here, we will first focus on our current understanding of the molecular mechanisms 

underlying Hh signaling by cilia. We next describe diseases resulting from dysregulation of 

Hh signaling, primarily in the context of ciliary involvement. We highlight broad principles 

underlying generation and interpretation of morphogenetic gradients that regulate 

phenotypic outcomes in various tissues. We then discuss the diversity and complexity of 

downstream regulation during development and regeneration of different tissues by Hh 

family morphogens (Sonic, Desert and Indian hedgehog, abbreviated as Shh/Dhh/Ihh). 

Understanding the role of ciliary Hh signaling in multiple developmental and adult tissue 

contexts is highly relevant for uncovering the mechanisms underlying the diverse clinical 

phenotypes in ciliopathies.

2. Primary cilium in Hh signaling.

Primary cilia are assembled by an active and conserved process called intraflagellar 

transport (IFT), consisting of trains of multipolypeptide particles moving along the 

axonemal microtubules by anterograde and retrograde motors [6]. Anterograde transport is 

mediated by kinesin-II [7], whereas retrograde transport is powered by the dynein 2 motor 

[8]. The IFT gene Ift88(Tg737) knockout was first shown to lack expression of FoxA2 
(Hnf3β) in the floor plate of the neural tube [9], similar to lack of Shh [10]. Mutants in 

kinesin-II and multiple IFT genes, many of which were isolated in a forward genetic screen, 

were subsequently shown to lack ventral neural tube cell types and conversely rescue ventral 

expansion of neuroprogenitors from high Hh signaling [11]. These results demonstrated that 

Hh signaling in the mouse neural tube require cilia. Work from multiple laboratories have 

now provided a wealth of knowledge into how cilia organize Hh signaling.

In canonical Hh signaling, the transcriptional output of the Hh pathway is determined by the 

glioma-associated oncogene transcription factors (Gli) that function as transcriptional 

activators (GliA) and repressors (GliR) [12, 13] (Figure 1A). Both activator and repressor 
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forms are generated from full-length Gli2/3 proteins and require cilia for their formation [3]. 

Locally activated protein kinase A (PKA) phosphorylates Gli2 and Gli3, which are partially 

proteolyzed to generate Gli repressors [14–17]. The cilia-localized class A orphan GPCR, 

Gpr161 functions as a critical regulator of PKA in Gli3R formation [18]. Hh binding to its 

receptor Patched (Ptch1) triggers removal of Ptch1 from cilia and promotes enrichment and 

activation of Smoothened (Smo), the pathway transducer, in cilia [19, 20] (Figure 1B). Ptch1 

is a 12-pass transmembrane (TM) receptor, whereas Smo is a class F (frizzled) family 

GPCR. Smo activation promotes release of Gli proteins from their carrier protein, 

Suppressor of Fused (Sufu), generating Gli activators [21, 22]. The transcriptional factor 

Gli1, a pure activator [23], and Ptch1 are among the direct transcriptional targets of Hh 

signaling. However, these targets might not always reflect lack of repression (derepression) 

of Hh pathway in different tissue contexts, such as during craniofacial development (section 

4.3.3) [24], limb patterning (section 4.4) [25], and endochondral bone development (section 

4.2.1) [26].

Although there are examples for cilium-independent and non-canonical modes of Hh 

signaling [27–29], here we only discuss organization of canonical Hh signaling by cilia. 

Role of cilia, Smo [30], and repression of Hh signaling [31] in the context of left-right 

asymmetry has been reviewed elsewhere [32].

2.1. Basal repression of Hh signaling.

In the absence of Hh, PKA-mediated phosphorylation of Gli2/3 [14–16] primes sequential 

phosphorylation events by CK1 and GSK3β [15] (Figure 1A). Phosphorylation results in 

Gli2/3 binding to the SCF-βTrcp ubiquitin ligase and subsequently partial proteolysis by the 

proteasome into GliR [33, 34]. Gpr161 regulates PKA activation in Gli3R formation via 

Gαs coupling and cAMP signaling [18]. Of the downstream factors that regulate cAMP 

signaling, at least three of the nine adenylyl cyclases Adcy3, 5, and 6 are localized to cilia 

[35–37] (Figure 1B). Overexpression of ADCY5 and 6 partially represses the Hh pathway in 

the developing chicken neural tube [38].

GliR formation requires cilia [25, 39] and involves multiple steps. Sufu restrains Gli3 in the 

cytoplasm and GliR formation requires Gli-Sufu complex [21, 40] (Figure 1A). However, 

cilia are not required for Hh pathway hyperactivation in Sufu knockouts [41, 42]. It is not 

clear how multiple steps in GliR formation are coordinated by Sufu and the cilium-

centrosome complex. Gli2/3 proteins are likely trafficked by IFT in complex with Sufu 

(Figure 1C). The following evidence points to cycling of Gli2/3 through cilia. First, Gli2/3 

can be enriched in cilia upon dynein-2 inhibition [43]. Second, Gli2/3 proteins also 

physically interact with kinesin-II subunit Kap3 and Kif3a through a N-terminal motif [44]. 

As cilia are required for GliR formation, it can be assumed that almost all of the Gli2/3 full 

length protein that forms repressor has to traverse the ciliary compartment.

Phosphorylation by PKA-c is one of the earliest steps in GliR formation (Figure 1A), but 

presently it is not clear where Gli phosphorylation occurs. During PKA activation, the 

catalytic subunit of PKA (PKA-c) is released from its regulatory subunits (PKA-Rs) upon 

cAMP binding to the PKA-Rs. Upon release from PKA-R, PKA-c is associated with 

membranes via myristoylation to preferentially phosphorylate membrane substrates [45]. A-
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kinase anchoring proteins (AKAPs) recruit the PKA-R subunits to distinct subcellular 

locations [46]. Based on immunofluorescence, PKA-c localizes to the centrosome [17, 47, 

48], but cannot be detected in cilia [17] (Figure 1C). Pericentrin is an AKAP that anchors 

PKA-RII subunits to the centrosome [49]. Gpr161, despite being a GPCR, is a recently 

described AKAP for targeting PKA-RIα/β to the cilia [50]. Thus, cAMP could be binding to 

pericentrosomal PKA-RII to release PKA-c or PKA-RI bound to the Gpr161 C-tail [50] and 

releasing PKA-c in close vicinity. A ciliary-targeted PKA inhibitory peptide (PKI) reduces 

Gli3R levels [35], suggesting a role for inhibiting ciliary PKA release in GliR formation. It 

is, therefore, most likely that at least some of the Gli phosphorylation by PKA occurs during 

Gli-Sufu transit through the cilium-centrosome complex (Figure 1C).

PKA-mediated phosphorylation of Gli2/3 primes sequential phosphorylation events by CK1 

and GSK3β [15] at six phosphorylation clusters in the C-terminal halves [16]. As CK1 and 

GSK3β are soluble proteins and are not enriched in cilia, the phosphorylation by these 

kinases possibly occurs both inside cilia and in periciliary cytoplasm (Figure 1C). It is not 

clear if partially phosphorylated Gli-Sufu complexes go back to the cilia for further 

phosphorylation cycles (Figure 1C). Once phosphorylated, and still in complex with Sufu 

[21], the Gli2/3 proteins undergo limited proteolysis by the SCF ubiquitin ligase complex 

(Skp1-Cullin-F-box) containing the E3 ligase and F box protein βTrcp [15]. βTrcp directly 

binds to the phosphorylated degrons overlapping the first four phosphorylation clusters [15]. 

Such proteolysis can possibly happen in both centrosome and/or cytoplasm for the following 

reasons (Figure 1C) for the following reasons. First, components of SCF complex, such as 

Skp1 and Cul1 localize to centrosomes [51], although βTrcp has not been reported to 

localize to centrosomes. Second, active proteasomal components are enriched in 

centrosomes [52, 53].

Gli2/3R are found dissociated from Sufu [21]. Multiple lines of evidence suggest that partial 

proteolysis and dissociation from Sufu likely occur in the cytoplasm (Figure 1C). First, Sufu 

promotes the synthesis but does not affect the degradation of Gli3R [21, 54]. Second, Gli2/3 

are not accumulated in ciliary tips without Hh pathway activation. Third, Gli3R tagged with 

GFP does not localize to ciliary tips [55].

2.2. Activation of the canonical Hh pathway in the primary cilium.

The exact role of Ptch1 in inactivating Smo from being activated in cilia is not fully 

understood. Ptch1 inhibits Smo sub-stoichiometrically, thus it indirectly blocks Smo activity 

[56]. Recently solved structures of Ptch1 bound or unbound to Shh [57–60] and Smo bound 

or unbound to cholesterol derivatives [61–63] reveal important insights into functions of 

Ptch1 and activation of Smo in cilia. The most parsimonious model from these results is that 

Shh-mediated activation and removal of Ptch1 from cilia increases endogenous ligands for 

Smo in the ciliary membrane, thereby activating Smo in cilia [64]. The endogenous ligands 

for Smo are most likely to be cholesterol or cholesterol derivatives [63, 65]. A defined 

fraction of membrane cholesterol, termed accessible cholesterol, which is increased upon 

lack of cholesterol sequestration from sphingomyelin depletion potentiates Hh signaling 

[66]. Smo activation can also be potentiated by PKA catalytic subunit (PKA-c) in 

centrosome that promotes ciliary translocation of Smo via phosphorylation of Inversin [67], 
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a protein localized in the proximal intraciliary compartment distal to the transition zone [68, 

69]. Smo can also be phosphorylated by Casein kinase γ, which localizes to cilia and 

regulate high pathway activity [70].

The intermediate steps between Smo activation, GliA formation, and Gli2 translocation to 

the nucleus are not well understood. Downstream effectors for mediating Smo-dependent 

Gli2 activation are varied, including Gαi proteins [71–73] and other proteins such as the 

integrin-linked kinase (ILK) [74], and the Evc-Evc2 complex [75, 76]. Efcab7-Iqce module 

anchors the Evc-Evc2 complex in a signaling microdomain at the base of cilia, and is 

important in mediating downstream signals for Smo-dependent Gli2 activation [75]. Loss of 

Ift25 and Ift27, IFT-B subunit that are not required for ciliogenesis, but are linked with 

BBSome, results in the accumulation of both Smo and Ptch1 in cilia [77–79], suggesting 

their role is in trafficking these subunits out of cilia. Gli2/3 full-length proteins that are free 

from Sufu translocate to the nucleus, where they are also targeted for proteasomal 

degradation via the cullin3-based ubiquitin E3 ligase, in coordination with the substrate-

binding adaptor Spop [42, 54, 80].

In the absence of cilia, Gli2/3 full length proteins accumulate as GliR processing is inhibited 

[21, 24]; however, GliA is not formed, suggesting differences between full length proteins 

and GliA. Due to the labile nature of GliA, the nature of post-translational modifications and 

processes that generate GliA has been enigmatic. Two lines of evidence suggest that GliA is 

a full-length form of Gli2/3 that is not phosphorylated at the C-terminus [16], but probably 

has another modification in this region, which occurs in a cilia-dependent manner [81]. First, 

overexpressing a Gli2 variant with non-phosphorylatable alanine mutants of all six PKA 

sites highly activates Shh pathway in cultured cells and chicken spinal cords [16]. Second, a 

non-ciliary Gli2 variant that has a deletion from 570–967 aa in Gli2 overlapping all six PKA 

sites [81] (Figure 1A) fails to localize to the cilium but retains intrinsic transcriptional 

activity and responds to Sufu inhibition [81]. Knock-in of this variant phenocopies Gli2 
knockout embryos. Therefore, it is likely that even a PKA-insensitive Gli2 variant requires 

ciliary localization to be activated. It is unclear if phosphorylation or any other modification 

either in this region or allosterically regulated in some other region constitutes the cilia-

mediated activation [82]. Gli2 can also be phosphorylated in N-terminus residues by Fused 

family kinases such as Stk36 and Ulk3, which could regulate Gli2 activity [83], but the 

subcellular location for these modifications is unknown (Figure 1C).

Gli2/3 proteins accumulate in ciliary tips upon pathway activation [55] suggesting that 

dissociation from Sufu [21, 22] and activator formation are regulated in the vicinity of cilia. 

What are the mechanisms causing Sufu-Gli dissociation? Gli-Sufu binding involves a 

conserved sequence upstream of the C2H2 Zinc finger [84, 85] and also other regions [86] in 

Gli2/3 (Figure 1A). Release of binding is regulated by a central intrinsically disordered 

(IDR) sequence in Sufu [84]. Sufu is phosphorylated in the IDR by PKA and GSK3β [87]. 

IDR phosphorylation stabilizes Sufu and prevents against Hh-induced Sufu degradation [87]. 

Lack of PKA also cause Gli2 activation [17]. Adenylyl cyclase activation by forskolin 

treatment can cause persistent Sufu-Gli interactions even upon Smo activation [21]. Whether 

lack of Gli2/3 or Sufu phosphorylation from inactivation of PKA regulate Gli-Sufu 

interactions is not known.
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Why are Gli/Sufu accumulated in ciliary tips? Gli2, Gli3 and Sufu associate with ciliary tips 

[55] during activation of the pathway [42, 43]. As Gli-Sufu complexes are on IFT-trains, we 

speculate that during turnaround and in the absence of Gli phosphorylation, release of Gli2/3 

from Sufu might prevent efficient access to the retrograde IFT trains, resulting in 

accumulation in the tip (Figure 1C). Another microtubule-associated atypical kinesin Kif7 is 

enriched in ciliary tips [88, 89]. Kif7 functions in both positive and negative regulation of 

Hh signaling by regulating ciliary architecture [88, 89]. Multiple ciliary tip-like 

compartments form in the absence of Kif7 [88], and Kif7 not only recognizes but also 

stabilizes a GTP-form of tubulin to promote its own microtubule-end localization [90] 

(Figure 1C). Liprin-α1 (PPFIA1) and the protein phosphatase PP2A interact with Kif7 and 

are important for trafficking of Kif7 and Gli proteins to ciliary tips and transcriptional output 

of Hh signaling. PPFIA1 also functions with PP2A to promote the dephosphorylation of 

Kif7, triggering Kif7 localization to the tips of primary cilia and promoting Gli 

transcriptional activity [91].

What is the role of Smo activation in Sufu-Gli dissociation? Smo activation in cilia is linked 

to Sufu-Gli dissociation [21, 22]. Lack of repression in PKA null cells also cause pathway 

activation and Gli2 accumulation in ciliary tips irrespective of Smo activation [17]. Thus the 

role of Smo in GliA formation could actually involve lack of PKA activity and lack of 

Gli2/3 phosphorylation that could cause Gli-Sufu dissociation. Gpr161 is also removed from 

the primary cilia in a Smo- and β-arrestin-dependent manner following pathway activation 

[92, 93]. Gpr161 removal from cilia would reduce ciliary cAMP signaling [92], as would 

Smo activation of Gαi [71–73] (Figure 1C). Depletion of the 5’phosphatase, Inpp5e causes 

accumulation of phosphatidylinositol 4,5-bisphosphate (PIP2) in cilia resulting in increased 

steady-state levels of Gpr161 [94, 95], irrespective of accumulation of the pathway activator 

Smo [96]. Such accumulation of Gpr161 prevents full pathway activity in cultured cells [94, 

95]. However, the role of Inpp5e in neural tube patterning is complex, with both positive and 

negative regulatory roles through regulation of the relative timing of GliA and GliR 

production [97].

3. Dysregulation of cilia regulated Hh pathway in disease.

Recently, bi-allelic loss-of-function variations in SMO in humans have been shown to cause 

wide phenotypic spectrum of developmental anomalies affecting the brain (hypothalamic 

hamartoma and microcephaly), heart (atrioventricular septal defect) and skeleton (shortening 

of long bones) [98]. Activating somatic missense mutations in SMO are found in sporadic 

basal cell carcinoma and Shh-subtype medulloblastoma [99]. Ptch1 knockout results in high 

Hh signaling from activation of the Smo-dependent arm of the pathway during neural tube 

development and cerebellar granule cell proliferation that causes Shh-subtype 

medulloblastoma [30, 100, 101]. Lack of Ptch1 also causes defects in skeletal 

morphogenesis [102], limb formation and patterning [103]. Other coreceptors for Hh ligands 

include Gas1, Cdo and Boc [104, 105], but whether they localize to cilia is not known. 

These co-receptors are required for cerebellar granule cell progenitor proliferation [104] and 

ventral neural tube patterning [105], unlike Ptch1 that represses these processes by 

preventing Smo activation [30, 100, 101].
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Diseases from derepression of the pathway are still being unraveled as our knowledge on 

regulators of repression have been limited. In most tissues, lack of cilia prevents 

derepression (except in tissues that require GliR formation by cilia for morphogenesis, such 

as nasopharyngeal processes [24] and limb buds before Shh expression [106, 107]); thus, 

intact cilia are required for manifestation of phenotypes from derepression. Importantly, lack 

of basal suppression in Gpr161, PKA, and Sufu mutants causes high Hh signaling during 

mouse neural tube development [17, 18, 108], similar to Ptch1 knockout that results in 

activation of Smo [100], but with varying degrees of severity [109]. Formation of dorsal 

hinge point, a zone of curvature in the dorsolateral neural tube is dependent on low Shh 

signaling [110]. Thus, multiple mouse models that show high Shh signaling, including 

mutants of Ptch1 [100], PKA [17], Sufu [108], Gpr161 [111] and Tulp3 [112, 113], present 

with neural tube closure defects and/or spina bifida [114].

Apart from affecting neural tube development, premature and hyperactive Shh signaling 

from deletion of Gpr161 in limb mesenchymal cells causes defects in limb and skeletal 

morphogenesis [26], whereas neural stem cell-specific deletion causes cerebellar granule 

cell hyperproliferation and Shh-subtype medulloblastoma [115]. Manifestation of these 

phenotypes require cilia [26, 115]. Forebrain abnormalities from deletion of Gpr161 in 

neural stem cells include ventriculomegaly-induced hydrocephalus, polymicrogyria and 

periventricular nodular heterotopia [116]. While polymicrogyria has been reported also with 

a constitutively active Smo mutant [117], periventricular heterotopia (heterotopic cell 

clusters adjacent to the lateral ventricle) in human patients has not been associated with 

dysregulation of the Hh pathway before [118]. Active repression of the Hh pathway is highly 

relevant to human disease. GPR161 mutations are prevalent in human spina bifida patients 

[119]. Germ line mutations in SUFU [120] and GPR161 [121] has been linked with 

predisposition to Shh-subtype medulloblastoma in human patients at rates similar to PTCH1 
loss in Gorlin syndrome [121]. Thus, active suppression of Hh pathway is as important as 

the activation arm of the pathway.

In contrast to Gpr161 knockout tissues in mice [18, 26, 115, 116, 119] and zebrafish [122], 

genetic manipulation of Gpr161 in Hh-responsive NIH 3T3 cells did not cause increased 

basal transcription of pathway targets or lack of Gli3R formation [123], pointing to a 

difference between in vitro and in vivo models for studying basal repression of Shh 

signaling. A small amount of Gli3R is retained in embryos that lack both PKA catalytic 

subunits α/β (PKA null) suggesting there are additional PKA-independent mechanisms for 

Gli3R formation [17], a process that is probably more important in NIH 3T3 cells than in 
vivo models. Other parameters such as Gli2 accumulation at ciliary tips could be used to 

correlate with the in vivo results. Nonetheless, such differences emphasize the requirement 

for studying derepression of Hh signaling in relevant tissue contexts in vivo.

4. Developmental paradigms of ciliary and Hh signaling.

4.1. Hh signaling in differentiation and patterning.

A gradient of Shh secreted from the notochord and floor plate patterns the ventral neural 

tube in vertebrates during early embryogenesis. The dorso-ventral patterning of the ciliated 

neuroprogenitors in the neural tube provides a sensitive readout of Hh pathway activity. The 
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Shh gradient promotes floor plate progenitors expressing forkhead box A2 (FoxA2), p3 

progenitors expressing NK2 homeobox 2 (Nkx2.2), pMN progenitors expressing 

oligodendrocyte transcription factor 2 (Olig2), and p3/pMN/p2 progenitors expressing NK6 

homeobox 1 (Nkx6.1), while inhibiting specification of lateral and dorsal neural cell types 

expressing Pax6 and Pax7 [124] (Figure 2A). Absence of Shh results in loss of ventral 

neural cell fates [10]. Mutants that affect the IFT machinery, including the IFT-B complex 

and IFT motors, exhibit loss of the ventral cell types that are specified by high levels of Shh 

[11, 25]. Conversely, increased Shh signaling from loss of Ptch1 [100] or both PKA catalytic 

subunits α/β (PKA null) [17] causes ectopic specification of ventral cell types at the expense 

of dorsolateral cell types. Lack of PKA activation from loss of Gpr161 [18], Gαs [125], and 

factors that traffic Gpr161 to cilia including the tubby family protein Tulp3 [112] and IFT-A 

complex proteins [126–128] also cause ventral expansion, but with differing levels of 

severity [109]. Sufu knockout embryos show less severe ventralization than Ptch1 knockout 

or PKA null embryos [81, 108]. Lack of the cilia localized atypical GTPase, Arl13b, results 

in both ventral and dorsal expansion of intermediate Shh-dependent cell fates [129]. 

However, such regulation does not require ciliary pools of Arl13b [130], suggesting Arl13b 

functions outside cilia in regulation of intermediate cell fates. Regulation of neutral tube 

patterning by Gli2A and Gli3R is described in Section 4.3.

4.2. Hh signaling in proliferation.

4.2.1. Endochondral bone formation.—Endochondral bones are formed from an 

intermediate cartilaginous template that develop in the limb bud. During endochondral bone 

formation, periarticular/round chondrocytes mature into columnar chondrocytes. Columnar 

chondrocytes further differentiate into prehypertrophic and hypertrophic chondrocytes that 

express and secrete Ihh [131]. Ihh increases Gli1/Ptch1 levels in proliferating chondrocytes 

and in adjacent perichondrium. Ihh also results in production of Parathyroid hormone-related 

protein (PTHrP) in periarticular cartilage that prevents differentiation of columnar to 

prehypertrophic chondrocytes in a negative feedback loop [132, 133] (Figure 2B). 

Mesenchymal cells of the limb bud, perichondrial cells, chondrocytes, osteoblasts and 

osteocytes are ciliated. Conditional knockouts of the IFT-B complex protein lft88 that 

disrupt cilia results in a smaller growth plate during endochondral bone formation, without 

affecting ossification [134, 135]. Interestingly, sustained proliferation and accumulation of 

periarticular/round chondrocytes in forelimb long bones is seen from conditional deletion of 

Gpr161 in forelimb mesenchyme (Prx1-Cre). Persistent periarticular/round chondrocyte 

proliferation also prevents differentiation and Ihh signaling from later-stage chondrocytes, 

causing severe lack of bone ossification in the Gpr161 conditional knockout [26]. 

Hypertrophic chondrocytes are also reduced in Col2a1-cre; Ptch1f/f mutants [102], but bone 

collar is mineralized unlike Prx1-Cre; Gpr161f/f conditional mutants. Cre-mediated 

recombination occurs in all chondrocytes in Col2a1Cre but could be inefficient in 

perichondrium causing these differences. Lack of ossification in Gpr161 conditional 

knockout is suppressed in the absence of cilia, indicating that the chondrocyte proliferation 

step is likely to be cilia-dependent [26]. Consistent with a lack of Ihh secreting hypertrophic 

chondrocytes, Hh signaling targets such as Gli1 and Ptch1 are not upregulated in the 

periarticular chondrocytes upon conditional deletion of Gpr161. Periarticular chondrocytes 

possess cilia embedded in the ciliary pocket and are surrounded by the cartilaginous 
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extracellular matrix, raising the possibility that certain unknown, possibly mechanosensory 

stimuli [136], might regulate chondrocyte proliferation [137, 138] that is actively prevented 

by Hh pathway repression.

4.2.2. Cerebellum.—Granule cell (GC) progenitors arise from atonal homolog 1 

(Atoh1) expressing cells in the upper rhombic lip (uRL) of the embryonic cerebellum 

(cerebellar anlage) starting from E13 [139, 140]. Shh is secreted by the Purkinje neurons, 

starting only from E18.5, and serves as a critical mitogen in the postnatal growth spurt of 

GC progenitors [141–143]. Thus, generation of the formative EGL between E13-E18.5 

occurs in the absence of Shh production by Purkinje neurons. Shh signaling upregulates 

CyclinD1 and N-Myc levels that promote proliferation in the GCs [144, 145]. The GC 

progenitors proliferate multiple times postnatally in a Shh-dependent manner, before exiting 

the cell cycle. The post-mitotic GCs extend axons chronologically forming the molecular 

layer (ML), and migrate radially along the Bergmann glia into their final location for 

maturation in the inner granule layer (IGL) [146] (Figure 2C). Shh-subtype 

medulloblastoma result from abnormal expansion of GC progenitors [147, 148]. Shh-

subtype medulloblastoma can be initiated in GC progenitors or neural stem cells, but 

tumorigenesis is associated with commitment to the GC lineage [147, 148]. Thus, 

pathogenesis of Shh-subtype medulloblastoma can be best understood in the context of 

normal development of GCs.

Of these stages in GC life cycle, GC progenitors are ciliated and Shh-mediated proliferation 

of GC progenitors during postnatal development requires primary cilia [149, 150]. Atoh1 

also controls the presence of cilia, which maintains responsiveness of GCs to Shh [151]. 

Atoh1 promotes ciliogenesis by transcriptionally regulating Cep131, a centriolar satellite 

protein [152]. Shh signaling also prevents Atoh1 from degradation by the E3 ubiquitin ligase 

Huwe1 [153]. In contrast to postnatal development, baseline proliferation of GC progenitors 

in the formative EGL during embryogenesis in the low Shh environment does not require 

cilia [149] (Figure 2C). Nestin-Cre expressing Gpr161 conditional knockout show 

thickening and increased proliferation in the formative EGL by E15.5, along with increased 

Gli1 and Ptch1 transcripts and CyclinD1 levels and reduced Gli3R levels. Similar results are 

seen upon early embryonic deletion of Sufu [154]. Thus, premature high Hh signaling 

contributes to increased GC proliferation during embryogenesis. Unlike baseline GC 

proliferation, such overproliferation during embryogenesis is cilia dependent. Premature 

high Hh signaling from Gpr161 deletion in neural stem cells in Nestin-Cre; Gpr161f/f 

animals also causes higher preponderance of Shh-subtype medulloblastoma compared to 

conditional knockout in committed GC lineages [115].

4.3. Balance between activation and repression at the heart of Hh signaling.

Gli2 is the predominant activator, whereas Gli3 is the predominant repressor [155, 156]. 

Gli3 can also function as an activator to partially rescue Gli2 knockout floor plate and p3 

progenitor defects [157] and ventralization in Sufu knockout [158]. Conversely, Gli2 

repressor has been proposed to have a role in craniofacial development [24]. However, 

depending on the tissues, Gli activators or repressors could be the predominant drivers of 

transcriptional responses during morphogenesis. Gli family members bind to the same 
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consensus DNA sequences. However, regulation of cis-regulatory modules of targets, 

although having the same Gli binding sites are complex, context-dependent and regulatable 

by co-activators and repressors [159]. As both activation and repression are regulated by 

cilia, we discuss how Gli activator and/or repressor are involved in sculpting different 

tissues. We describe three distinct modules that are regulated by ratio sensing between 

activator and repressor levels or by detecting thresholds of primarily activator or repressor 

levels, as originally proposed by the Vokes lab [160].

4.3.1. Ratio sensing model.—In a ratio sensing model, the relative levels of activator 

vs repressor matter. Thus, if a phenotype is caused by a decrease in repressor and increase of 

activator, reciprocal changes in either would rescue the respective phenotype. In this case, 

activator and repressor likely regulate Gli binding sites reciprocally. For example, increased 

thickness of external granule layer (EGL) in postnatal cerebellum upon conditional knockout 

of Sufu in mouse granule progenitors (using Math1-Cre) is rescued by Gli2 deletion or 

introduction of Gli3Δ699 allele [161] that expresses a less potent form of Gli3R [162, 163]. 

Similarly, lack of cilia prevents SmoM2-induced medulloblastoma formation suggesting a 

role in Gli2-mediated activation. However, lack of cilia or Gli3 heterozygote background 

also promotes medulloblastoma formation upon expression of an active non-repressible form 

of Gli2, suggesting that the cilium-generated Gli3R restricts tumor progression [164] (Figure 

2C). Similar results are observed in pathogenesis of basal cell carcinoma in skin [165].

4.3.2. Threshold activator model.—In a threshold activator model, the relative levels 

of activator matter. Thus, if a phenotype is associated with an increase in activator and 

decrease in repressor, decrease in activator levels rescue most of the phenotype. For 

example, Gli3 repressor is reduced in PKA null embryos and Gli2 localizes to ciliary tips 

without Shh pathway activation in PKA null MEFs suggesting Gli2 activator formation. 

However, expansion of markers of the floor plate (FoxA2) and V3 interneuron progenitors 

(Nkx2.2) in the neural tube in PKA deficient mutants is rescued by loss of Gli2 but not Gli3. 

This scenario suggests a predominant role of Gli2 activator in high level ventralization of 

these progenitors [17] (Figure 2A). Similarly, expansion of FoxA2 and Nkx2.1 in Ptch1 
knockout in thoracic spinal cord is reverted back to wild type levels upon concomitant loss 

of Gli2 [81], although transcriptional outputs are partially reduced [81, 166]. Another 

example is provided by the Sufu knockout, where expansion of FoxA2 and Nkx2.1 is Gli2-

dependent [158], whereas overexpression of Gli3R using homozygosed Gli3Δ699 allele only 

partially reverses ventralization [54]. Dosage of Gli2 is also critical in pathogenesis of 

mouse models of Shh-subtype medulloblastoma from loss of Sufu. Early embryonic deletion 

of Sufu in mouse cerebellum did not exhibit tumorigenesis [154], while heterozygotes 

developed Shh-subtype medulloblastomas only in a p53 null background [167]. However, 

lack of Spop increases Gli2 levels that is required for Shh-subtype medulloblastoma 

formation from Sufu deletion [168].

4.3.3. Threshold repressor model.—In a threshold repressor model, the relative 

levels of repressor matter. Thus, if a phenotype is associated with an increase in full length 

Gli2/3 proteins and decrease in repressor, only increase in repressor levels would rescue the 

phenotype. Loss of cilia in mid facial tissues causes widening of nasopharangeal processes 
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and duplicated nasal septum [24, 169]. Deletion of both Gli2 and Gli3 phenocopies these 

phenotypes, which are partially restored from expression of Gli3Δ699 [24], suggesting that 

ciliary signaling regulate Gli2R and Gli3R formation that is important in morphogenesis of 

this tissue (Figure 2D). Another example is provided by role for Gli3R in patterning of the 

intermediate region of the spinal cord that complements the requirement for Gli2 in ventral 

regions [170] (Figure 2A). Here, the Gli3 knockout causes ventral expansion of progenitors, 

which is restored by introduction of the homozygosed Gli3Δ699 allele [170].

4.4. Repressor gradient established by Hh morphogen-independent 

mechanisms.

Gli3 is expressed anteriorly in forelimb bud even prior to Shh expression. Shh expression 

starts in the posterior forelimb bud (zone of polarizing activity, ZPA) starting from E9.75 

[107] and continues until E12 in regulating limb bud patterning [171]. Prior to Shh 

expression in the posterior forelimb bud, mutual antagonism between Gli3R and the bHLH 

transcription factor, dHand prepatterns the forelimb mesenchyme in causing posterior 

expression of bona fide Hh pathway targets and of 5’ Hoxd genes such as Hoxd13 [106, 

107] (Figure 2E). Lack of Gli3 also rescues Shh knockout limb patterning defects in the 

autopod, suggesting that Gli3R-mediated repression is key in phenotypes arising from lack 

of Shh [172].

There is an increase in premature Hh pathway activity (as apparent from Ptch1/Gli1 RNA in 

situs before Shh expression) in the conditional knockout of Ptch1 [103] and Gpr161 [26] in 

limb mesenchyme. In case of Gpr161 knockout, consistent with a lack of Gli3R protein 

activity, Hoxd13 is also expanded throughout the forelimb buds. Both Gpr161 knockout and 

Ptch1 conditional knockouts show complete lack or stunting of forelimb buds, respectively, 

in addition to patterning defects, but the role of Hh signaling in limb formation has remained 

unexplored.

A hypomorphic Ift88 mutant that causes short cilia causes premature expansion of dHand 
before Shh expression suggesting compromised Gli3R formation. This mutant also shows 

reduced Gli1/Ptch1 expression in the post-Shh stage suggesting lack of Gli activator 

formation. The limbs have preaxial polydactyly but no ectopic Shh expression, suggesting 

that in this case the polydactyly might be related to lack of Gli3R function [25]. The preaxial 

polydactyly is also associated with increased anterior expansion of Hoxd11 and Hoxd13. A 

null knockout of Ift88 also shows low Ptch1/Gli1 levels in forelimb buds [55] despite 

showing preaxial polydactyly [173], but expression of 5’Hoxd genes were not checked.

5. Ciliary signaling in regeneration

Now that we outlined how important cilia and ciliary Hh signaling are for development, we 

will focus on how cilia are being used to maintain and repair different tissues in the adult 

with a focus on skeletal and cardiac muscle as well as white adipose tissue. For each tissue, 

we will summarize and discuss which cell types carry a cilium and the proposed role cilia 

may play. We will specifically discuss the role for cilia and ciliary signaling in connective 

tissue fibroblasts, which display a cilium in virtually every adult tissue [174–176].
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Connective tissue fibroblasts are present in the stroma of every adult tissue (Figure 3A–C). 

They are often called mesenchymal stem cells as they can differentiate into adipocytes, 

osteoblast or chondroblasts in vitro. Fibroblasts build and maintain the extracellular matrix 

(ECM), which serves as the scaffold for many adult tissues. In addition, fibroblasts are 

crucial during the repair of damaged tissues by secreting a multitude of beneficial factors. In 

chronic diseases, however, fibroblasts get chronically activated leading to their uncontrolled 

expansion, excessive ECM production and ultimately fibrotic scar formation (Figure 3D) 

[177]. Fibroblasts are also the cellular origin of pathological fat which replaces skeletal and 

cardiac muscle tissue ((Figure 3D) [175, 178]. Several pro-fibrotic and anti-adipogenic 

signaling pathways have been discovered to be pathologically activated during fibrosis such 

as transforming growth factor-β (TGFβ), platelet-derived growth factor (PDGF), WNT and 

Hh signaling [177]. Interestingly, all of these pro-fibrotic pathways have been described to 

require the primary cilium for its function [4]. Given the fact that most fibroblasts possess a 

cilium, independent of the tissue, highlights the cilium as a pivotal key player in balancing 

normal tissue homeostasis vs. replacement of healthy tissue with fatty fibrosis.

5.1. Ciliary signaling in skeletal muscle regeneration

Adult skeletal muscle has a remarkable ability to regenerate due to a dedicated muscle stem 

cell population (MuSCs). Upon injury, MuSCs, also called satellite cells, expand before 

differentiating into myoblasts and fusing to form new myofibers [179]. Skeletal muscle 

contains a second type of stem cell, called fibro/adipogenic progenitors (FAPs). FAPs are 

connective tissue fibroblasts that work with MuSCs to regenerate skeletal muscle [180, 181]. 

Following acute injury, FAPs transiently expand and promote MuSC differentiation by 

secreting several pro-myogenic factors [180, 182–184]. In chronic diseases, however, muscle 

regeneration fails and FAPs produce scar tissue and differentiate into adipocytes [175, 180, 

181]. This replacement of healthy muscle tissue with fatty fibrosis is a prominent feature of 

chronic muscle diseases such as Duchenne muscular dystrophy (DMD), sarcopenia, the age-

related loss of skeletal muscle and strength, obesity and diabetes. There are no cures for 

DMD and no specific therapies for either DMD or sarcopenia.

5.1.1. Cilia in muscle.—Recent work identified FAPs as the main ciliated cell type 

(Figure 3A). Interestingly, an acute injury insult caused the ciliation frequency to sharply 

increase within the FAP population before returning to pre-injury levels [175]. This places 

the cilium at the right time and place to be instrumental in controlling the behavior of FAPs. 

It is intriguing to speculate what injury-induced factors cause this increase in ciliation and if 

this is a shared mechanism across tissues. For example, cardiac fibroblasts (CFs) also 

increase their ciliation frequency post myocardial infarction injury [176]. Genetically 

removing cilia from FAPs resulted in strong repression of the conversion of FAPs into 

intramuscular fat after an adipogenic injury (Figure 3E) [175]. Thus, FAP cilia are crucial in 

balancing fatty fibrosis.

Even though FAPs are the main ciliated cell in skeletal muscle, MuSCs can also be ciliated 

[185, 186]. While the role for MuSC cilia in vivo remains to be fully determined, knock 

down of cilia in C2C12 myoblasts increased their proliferation but impaired their 

differentiation [186]. Similarly, affecting cilia stability via microtubule destabilizing agents 
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in primary myoblasts impaired their self-renewal capacity [185]. As there is also evidence 

for direct activation of the Hh pathway within the myogenic compartment [187, 188], it is, 

therefore, conceivable that MuSCs might be able to respond to Hh signaling. Besides these 

two cell types, endothelial cells have also been proposed to possess a primary cilium [189]. 

As conditional loss of function of Smo within endothelial cells had no effect on 

angiogenesis, however, it argues against a direct role for Hh signaling in endothelial cells 

[190].

5.1.2. Hh in muscle regeneration.—Hh signaling is not only important for embryonic 

myogenesis but also for the maintenance and repair of mature muscle tissue. During 

embryogenesis, Hh plays a crucial instructive role in initiating the myogenic program [191–

193]. In mature muscle tissue, the Hh pathway only displays low activity under homeostatic 

conditions. Upon different injuries, however, Hh signaling is robustly induced. For example, 

Hh signaling is being activated during the early regenerative phase upon an ischemic, 

cardiotoxin or crush injury, suggesting that Hh signaling might be functionally important 

during these early regenerative processes [175, 194–197]. Fittingly, administration of 

recombinant Shh induces pro-angiogenic factors within fibroblasts to increase capillary 

density and blood flow [195]. In contrast, inhibiting Hh signaling via the Hh-blocking 

antibody, 5E1, or the SMO antagonist, Cyclopamine, prevents this pro-angiogenic response 

and reduces blood flow post ischemic injury [194, 196]. Similarly, Dhh null mice displayed 

severe angiogenesis defects post ischemia [197]. In addition to be required for 

neovascularization, Hh signaling also has a clear impact on muscle regeneration itself. For 

example, blocking Hh via cyclopamine treatment increased the fibrotic response, prevented 

the expansion of MuSCs and resulted in reduced grip strength [196]. Similarly, loss of Dhh 

reduced the regenerative response after an ischemic injury [197]. Recent evidence suggests 

that FAPs are the main cell type, which respond to Hh signaling. Genetic loss of cilia 

resulted in strong loss of the repressor Gli3 leading to Hh derepression and low-level Hh 

activation. As a consequence, ectopically elevating Hh activity, genetically via loss of Ptch1 

in FAPs or pharmacologically via SAG, a Smo agonist, also blocked intramuscular fat 

formation. Furthermore, Hh activation within FAPs also accelerated muscle regeneration 

after an acute injury [175]. As these phenotypes are similar to when Hh is activated via Shh 

gene therapy, Hh signaling in muscle most likely acts through FAP cilia (Figure 3E).

5.1.3. Hh in aged and diseased muscle.—While Hh is being induced upon injury in 

young and healthy muscle, this activation is severely blunted with age [187, 188]. 

Interestingly, re-activating Hh signaling in aged animals via a Shh overexpression plasmid 

increased the number of myogenic progenitors and reduced fibrosis after an acute injury 

[188]. Interestingly, in mdx mice, a mouse model of Duchenne Muscular Dystrophy, Hh 

pathway activity is induced during the early stages but is lost as the disease progresses [198]. 

Given that Hh signaling seems to be induced upon acute injuries and its many beneficial 

roles during muscle regeneration, it is possible that Hh is also used to repair the initial 

damage in mdx mice before degeneration takes over [198]. This raises the question if 

reduced Hh levels could explain why regeneration fails in mdx mice and if, by ectopically 

keeping Hh elevated, muscle function could be preserved. In support of this hypothesis, 

activating Hh signaling specifically within FAPs prevented not only fatty fibrosis but also the 
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decline in myofiber size normally seen in mdx mice [175]. Corroborating the beneficial 

effect of Hh on diseased muscle, Hh activation in isolated MuSCs from mdx mice does 

increase their proliferation [198].

In summary, Hh signaling is crucial not only for embryonic myogenesis but also for 

maintaining healthy muscle in the adult. The main cell type responding to Hh are the FAPs, 

which are also the main ciliated cell type. Once Hh is being sensed by the FAPs, Hh induces 

a multitude of genes through which it executes its pro-angiogenic, anti-fibrotic, anti-

adipogenic and pro-myogenic function (Figure 3E). Thus, restoring Hh signaling within 

FAPs could be a viable option to combat fatty fibrosis as well as the regeneration defects 

observed with age and disease.

5.2. Ciliary signaling in cardiac fibrosis and ischemia

Similar to skeletal muscle, the adult heart is also affected by fibrosis. Cardiac fibrosis, 

characterized by excessive deposition of extracellular matrix, replaces cardiomyocytes 

following acute insults such as myocardial infarction but also forms in congenital defects, 

dilated cardiomyopathy and hypertension. This fibrotic response increases stiffness of the 

heart wall affecting both contraction and relaxation behavior of the heart, ultimately 

resulting in a decrease in cardiac function. While the fibrotic scar tissue initially may protect 

the heart from rupturing, it gradually expands to the non-infarcted area leading to a 

progressive decrease in contractility and finally causes heart failure [reviewed by 199]. 

While fine-tuning the fibrotic response could preserve cardiac function, there is no current 

therapy available. A promising cellular target to treat cardiac fibrosis are the cardiac 

fibroblasts (CFs), which are the cellular origin of cardiac fibrosis. Thus, modifying the 

fibrotic response of CFs could have enormous health benefits.

5.2.1 Cilia in the heart.—An elegant study recently analyzed murine and human 

cardiac tissue sections during normal homeostasis as well as after a myocardial infarction 

focusing on cardiomyocytes, macrophages, endothelial cells and fibroblasts. In addition, this 

group also studied cultured neonatal and adult myocytes, adult cardiac fibroblasts, a murine 

macrophage cell line, human umbilical vein endothelial cells and human aortic endothelial 

cells for the presence of cilia. Interestingly, primary cilia were only found to be present on 

CFs [176] (Figure 3B). Functionally testing polycystin 1, PC1, which localizes to the cilium 

and has been previously associated with controlling ECM composition [200], via conditional 

removal in CFs using a periostin-driven Cre changed the fibrotic response leading to 

enhanced pathological remodeling after a myocardial infarction [176]. However, it remains 

to be determined if the function of PC1 in controlling ECM production is relying on the 

cilium or, as previously suggested, can also be explained in a cilium-independent manner 

[200].

5.2.2. What is the role of Hh?—Hedgehog signaling appears to be turned off in the 

adult heart but is being reactivated upon ischemic injury [201, 202]. Ectopically activating 

the Hh pathway either via a naked Shh overexpression plasmid or via a Smo agonist 

enhanced neovascularization, reduced fibrosis and improved cardiac dysfunction after an 

ischemic injury in mice, rabbits and pigs [201, 202]. In addition, erythropoietin treatment, 
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previously shown to improve heart function in patients with congestive heart failure [203, 

204], induces Shh expression in cardiomyocytes. Conditional removal of Shh in 

cardiomyocytes prevented this pro-angiogenic response [205]. In contrast, turning off the 

endogenous Hh pathway via cyclopamine improved cardiac function after a myocardial 

infarction similar to turning the Hh pathway on [206]. This would suggest that Hh signaling 

has a dual role in cardiac ischemia in which high exogenous levels are able to improve tissue 

repair while endogenous Hh is deleterious. In contrast, Gli3 haploinsufficiency leads to 

reduced capillary density and worsened myocardial output after an ischemic injury. As Gli3 

is the main repressor, Gli3 haploinsufficiency should lead to derepression and low-level 

activation of Hh signaling. Since elevated Hh signaling seems to have beneficial effects, one 

would have expected that Gli3 haploinsufficiency improves the outcome post ischemic 

injury. Gli3 has been shown to also act as a weak activator [157]. Thus, while conceivable 

that Gli3 haploinsufficiency could lead to reduced Hh signaling, more experiments are 

clearly needed to fully understand cilia and ciliary Hh signaling in the heart.

5.2.3. Which cells respond to Hh signaling?—Exogenous Shh treatment activates 

the Hh reporter, Ptch1-LacZ, in fibroblasts but not in endothelial or smooth muscle cells. In 

addition, Shh treatment in HUVECs, aortic and microvascular endothelial cells did not 

activate Hh signaling [195, 207]. In contrast, Shh activates Ptch1-LacZ in fibroblasts in vivo 
and induces several potent pro-angiogenic factors including Vegf, Ang-1 and Ang-2 in 

isolated fibroblasts in vitro [195]. As CFs are also ciliated, CFs are most likely also 

responding to Hh signaling in vivo.

As described above, one prerequisite for canonical Hh signaling is the presence of a primary 

cilium. Cardiomyocytes have been proposed to, at least transiently, carry a cilium [208–210] 

and to respond to Hh signaling [202, 209, 211]. For example, primary neonatal rat 

ventricular cardiomyocytes, isolated via the selective adhesion method, known for its 

impurity [212], activate the Hh pathway upon stimulation [211]. However, a functional role 

for cilia was recently disproven via conditional mutagenesis to remove cilia specifically in 

cardiomyocytes. In this study, loss of Kif3a had no effect on cardiomyocyte function [176]. 

The most severe Hh-related phenotype was observed when Smo was conditionally removed 

in mature CMs (via the αMHC-MerCreMer allele), which resulted in the death of most mice 

within 2–5 days after tamoxifen administration. These mice displayed tissue hypoxia and 

cell death resulting in cardiac failure [213]. However, recent evidence demonstrates that this 

specific Cre line displays cardiac Cre toxicity [214]. Therefore, it remains to be determined 

if cardiomyocytes possess a cilium and, if they do, use cilia for their function including to 

respond to Hh signaling.

5.2.4. What about fat in the heart?—Recent work from the Rossi lab demonstrated 

that Pdgfra+ CFs are not only responsible for the fibrotic response post ischemic injuries but 

are also the cellular origin of adipose tissue, which forms in arrhythmogenic 

cardiomyopathies [178]. It will be interesting to ask if cilia play an anti-adipogenic role 

during intracardial fat formation as they do in intramuscular fat tissue [175] or a pro-

adipogenic role as described in white adipose tissue [174].
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Balancing the amount of a scar tissue after an ischemic injury is important: too little and the 

heart wall can rupture, while too much interferes with contractility and function. Thus, fine 

tuning the fibrotic response could provide a great medial benefit to patients. Given the ample 

evidence presented here, it is clear that cilia are a key player in controlling the fibrotic 

response and strongly argues for further exploration of cilia and ciliary Hh signaling as a 

novel therapeutic target (Figure 3F).

5. 3. White adipose tissue

White adipose tissue (WAT) is our main energy storage. WAT expands through either 

hypertrophy, the increase in the individual size of preexisting adipocytes, or by hyperplasia, 

the de novo generation of new fat cells from adipogenic progenitors called preadipocytes. 

During obesity, individual adipocytes expand in size causing mechanical and hypoxic stress, 

which, in turn, leads to adipose tissue inflammation and fibrosis and, ultimately, insulin 

resistance, diabetes and heart disease. In contrast, WAT consisting of more but smaller 

adipocytes is considered metabolically more healthy [reviewed by 215]. Thus, by inducing 

hyperplasia the mechanical and hypoxic stress would be reduced. Here we are discussing the 

role of cilia and ciliary Hh signaling in the formation and maintenance of white adipose 

tissue. For an in-depth review on ciliary signaling and obesity see the review by Engle, 

Bansal, Antonellis and Berbari in this edition.

5.3.1. Cilia during adipogenesis.—Similar to the FAPs in skeletal muscle and the 

CFs in cardiac tissue, preadipocytes are ciliated both in vitro and in vivo (Figure 3C). 

Interestingly, this ciliation is only transient as preadipocytes lose their cilium upon 

differentiation suggesting that the cilium is required for receiving adipogenic cues [174, 175, 

216–218]. In fact, removal of cilia from preadipocytes impairs adipogenesis in vitro [174, 

217]. Similarly, genetically removing cilia from preadipocytes also prevented the expansion 

of white adipose tissue in vivo. Mice without preadipocyte cilia remained skinny and 

displayed smaller fat pads. Screening for pro-adipogenic signals sensed by cilia, the GPCR 

Ffra4 (free fatty acid receptor 4) was found to localize to preadipocyte cilia. Ffra 4 senses ω
−3 fatty acids. Binding of ω−3 fatty acids to ciliary Ffra4 increases ciliary cAMP levels, 

which induces expansion of the preadipocyte pool followed by efficient adipogenesis [174]. 

These data suggest a model in which cilia through Ffra4 sense healthy fatty acids leading to 

WAT hyperplasia. Another pro-adipogenic signaling pathway described to require the cilium 

is the insulin growth factor pathway. IGF-1R, a crucial pro-adipogenic factor, localizes to the 

cilium of preadipocytes [217, 219]. This localization to the cilium is required for its pro-

adipogenic function [217]. Thus, preadipocyte cilia control adipogenesis by sensing pro-

adipogenic factors.

5.3.2. Hh during adipogenesis.—Hh signaling has a known and evolutionary 

conserved role in preventing the differentiation of preadipocytes into mature fat cells. 

Activating the Hh pathway in several preadipocyte cell lines completely abolishes 

adipogenesis [175, 220–222]. Conversely, inactivation Hh resulted in a modest increase in 

adipogenesis [220, 222]. Similarly, Hh signaling potently blocks the formation of white 

[221] and brown adipose tissue [223] in vivo. Thus, Hh signaling is a potent guardian of 

adipogenesis.
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5.3.3. What about Hh in obesity?—Interestingly, mice fed a high fat diet for 4 

months or genetically obese mice displayed a strong downregulation of the Hh pathway 

[222]. Fittingly, loss of the Hh co-receptor Boc resulted in excess WAT and overweight mice 

demonstrating that Hh inactivation is associated with increased adipogenesis [224]. In 

contrast, re-activating Hh signaling genetically blocked the expansion of WAT induced by 

high fat diet [225]. These data suggest that Hh signaling serves as endogenous adipogenic 

break and losing that brake could partially explain why WAT expands upon excess energy.

5.3.5. What about cilia in obesity?—Preadipocytes derived from obese patients 

displayed reduced cilia length compared to from lean control groups. Obese patient derived 

preadipocytes also exhibited reduced adipogenic differentiation capacity [226], which could 

be restored via Aurora A kinase inhibition [227]. These data not only demonstrate that cilia 

are required for efficient fat formation but also that restoring cilia length could be a potential 

novel approach to make healthy fat by accelerating hyperplasia. Interestingly, loss of Bbs12, 

a component of the BBsome, resulted in overweight mice. However, the fat pads were 

compromised of more but smaller adipocytes due to increased hyperplasia. Fittingly, Bbs12 
null mice displayed reduced adipose tissue inflammation and improved oxygenation, which 

could explain why many metabolic markers including blood glucose levels showed marked 

improvement over control littermates [228]. As the BBsome is required for the exit of 

activated signaling receptors from cilia [229], it is possible that one of the pro-angiogenic 

factors, perhaps even FFAR4 [174], remains longer within Bbs12 null cilia, thereby 

increasing expansion of the preadipocyte pool. Thus, changing the composition of the fat 

pads from fewer larger to more smaller adipocytes can indeed protect metabolic health even 

during obesity.

5.3.6. Does ciliary Hh signaling also affect fibrosis?—Unhealthy adipose tissue 

displays fibrosis, which is strongly linked to insulin resistance and type II diabetes [230]. 

Interestingly, Pdgfrα+ fibroblasts have been shown to be the cellular origin of both 

adipocytes and fibrotic scar tissue [174, 231]. While cilia and ciliary Hh signaling have a 

strong influence on the differentiation of the Pdgfrα+ preadipocytes into fat cells, it is 

unclear if they also affect fibrosis similar to skeletal muscle (see above). It will be interesting 

to determine if Hh signaling can also reduce the fibrotic response in adipose tissue.

It is clear that cilia play an important role in building and maintaining healthy adipose tissue 

by balancing pro-angiogenic cues such as ω−3 fatty acids and IGF1 to promote adipogenesis 

and anti-adipogenic cues such as Hh signaling to limit fat (Figure 3G). One possibility to 

build healthy fat is to stimulate cilia-controlled adipogenesis via ω−3 fatty acids, which have 

been shown to improve insulin sensitivity and decreased inflammation within adipose tissue 

[232].

6. Conclusion

Primary cilia have turned out to be the paradigmatic organelle for compartmentalized 

subcellular signaling in the context of the vertebrate Hh pathway during development, 

regeneration and disease. By organizing both Gli repressor and activator formation, primary 

cilia coordinate divergent tissue responses to repressor and/or activator gradients. These 
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pathways converge on differentiation and/or proliferation modules of cellular programs that 

upon dysregulation can cause a plethora of pathological outcomes. Especially, current 

studies on negative regulation of Hh pathway are unraveling unknown phenotypes and 

disease associations. Manipulating these divergent outcomes by targeting ciliary trafficking 

modules and ciliary architecture promises to provide unique therapeutic opportunities for 

intervention. One such unique opportunity arises in the context of organ failure due to 

fibrosis, which contributes to almost half of all deaths in the developed world [233]. To 

successfully fight fibrosis, we need to fully understand what controls the fate of fibroblasts 

and ways to manipulate their differentiation. This review highlights that ciliary Hh signaling 

presents a very exciting target and should be the focus of novel therapeutic approaches.
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Highlights

• Primary cilia are required for both repressing and activating Hh signaling.

• Active repression is as important as the activation arm of Hh pathway.

• Ratio sensing or threshold detection of activator/repressor drive 

morphogenesis.

• Cilia regulate differentiation, patterning or proliferation by Hh pathway.

• Hh signaling is reactivated and repurposed during adult tissue regeneration.
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Figure 1. Organization of Hh signaling by cilia.
(A) Steps in generation of GliR and GliA. Phosphorylation of Gli-full length (Gli-FL) by 

PKA, followed by GSK3β/Casein kinase 1 (CK1) causes limited proteolysis after 

ubiquitination by E3 ligase βTRCP to form GliR. Smo activation by Shh binding to Ptch1 

causes dissociation of Gli-FL from Sufu to form Gli-A. Both processes require cilia. 

Schematic showing Gli2/3 domains below. Abbreviations: Rep, repressor domain; ZnF Zinc 

Finger domains; NLS, nuclear localization. Signal; NES, nuclear export signal; CLS, cilia 

localization signal; A1/A2, transactivation domains.

(B) Repression and activation of Hh signaling at cilia. Regulation of GPCR-adenylyl 

cyclase-PKA and Smo signaling at cilia. RI, PKA-RI; RII, PKA-RII.

(C) Spatiotemporal control of steps in GliR and GliA formation. Unsolved questions are 

mentioned in text boxes below and discussed in section 2.3 (GliR formation) and 2.4 (GliA 

formation).
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Figure 2. Hh signaling paradigms during development.
(A) Neural tube patterning. Shh is expressed from the notochord (blue). Gli2A-mediated 

threshold activation mediates floorplate and ventral most progenitor patterning. Lack of cilia 

prevents patterning of all ventral progenitors. Gli3R regulates intermediate-level patterning 

(not shown).

(B) Endochondral bone development. Chondrogenic progenitors differentiate into 

periarticular chondrocytes (PA), which further differentiate into columnar chondrocytes 

(CC), followed by forming prehypertrophic chondrocytes (Pre-HC) and hypertrophic 

chondrocytes (HC), both of which secrete Ihh. All these chondrocytes are ciliated. Ihh 

increases Gli1 and Ptch1 levels in adjacent perichondrium. Ihh also results in production of 

parathyroid hormone-like peptide (PTHrP) in periarticular cartilage, which prevents 

differentiation of CC to pre-HC in a negative-feedback loop. Lack of Gpr161 causes 
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persistent slow proliferation of PA and prevents differentiation of PA into CC. Cilia 

disruption prevents continued proliferation from lack of Gpr161.
(C) Cerebellar development.
Left, Embryonic development (E15-E18). At this stage, Shh is expressed by choroid 

plexus (CP), which causes activation in adjacent ventricular zone (VZ). Purkinje neurons (P) 

are still translocating. Granule cell (GC) progenitors are generated in upper Rhombic lip 

(uRL), and tangentially migrate to the formative external granule layer (EGL). Proliferation 

in formative EGL is not affected by loss of cilia (unless overproliferation occurs from 

derepression arising from Gpr161 loss), and proceeds in the absence of Shh secretion by 

Purkinje neurons.

Right, Postnatal development (P0-P14). At this stage, Shh secreted by Purkinje neurons 

(P) causes proliferation of GC progenitors in EGL. Proliferation at this stage requires cilia. 

After GCs stop proliferating, they migrate radially on Bergmann glia (B) to form the internal 

granule layer (IGL). Proliferation at this stage can be affected by both lack of GliA and 

expression of GliR, suggesting sensing of GliA to GliR ratio by the GC progenitors.

(D) Craniofacial development. Threshold repression by both Gli2R and Gli3R prevents 

midfacial widening. Lack of cilia, or lack of both Gli2/3 causes mid facial widening, which 

is prevented by forced Gli3R expression. LNP, latera nasal process; MNP, medial nasal 

process, Mx, maxillary process.

(E) Limb development.
Pre-Shh stage, top. (E9.25-E9.75). Gli3R gradient is set up by posterior dHand gradient 

that is established in posterior mesenchyme.

Post-Shh stage, bottom. (E9.75 onwards). Shh expression from ZPA establishes posterior 

gradient of pathway targets such as Ptch1/Gli1. Anterior Gli3R gradient also regulates 

expression of genes in posterior mesenchyme such as Hoxd11/13. Lack of cilia causes 

decreased expression of Shh pathway targets but can cause preaxial polydactyly from 

increased 5’Hoxd gene expression arising from lack of Gli3R. Abbreviations: AER, anterior 

ectodermal ridge; ZPA, zone of polarizing activity; A, anterior; P, posterior, Pr, proximal; D, 

distal.
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Figure 3. Ciliary control of fibroblast function during fatty fibrosis.
(A-C) Fibroblasts expressing the marker PDGFRα (red) are frequently ciliated (green; 

arrowhead) in different tissues such as skeletal muscle (A), heart (B) and white adipose 

tissue (WAT) (C). Nuclei in blue (DAPI).

(D) Fibroblasts are the cellular source of fibrotic scar and fat tissue.

(E) Ciliary Hh signaling has a pro-angiogenic and anti-adipogenic function in skeletal 

muscle fibroblasts. The role of Hh during fibrosis as well as which endogenous Hh ligand is 

being used, however, is still unclear.

(F) Hh signaling in cardiac fibroblasts (CFs) blocks fibrosis and promotes angiogenesis 

during ischemic injuries. It remains to be determined if Hh has an endogenous role and if Hh 

could also affect fat infiltration. CF cilia also utilize polycystin1 (PC1) to control fibrosis, 

however the exact mechanism still needs to be determined.
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(G) Cilia, present on the preadipocytes in white adipose tissue (WAT), balance adipogenesis 

by sensing the anti-adipogenic Hh and the pro-adipogenic ω−3 fatty acid signal. If Hh has 

an endogenous role in WAT, however, to control angiogenesis and/or fibrosis, is unknown.
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